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that determine growth and metabolic activity, this study helps to explain the lack of a 50 consistent relationship between shell Mn/Ca in marine bivalve shell calcite and 51 seawater particulate and dissolved Mn 2+ concentrations. 52
53
The use of Mn content from M. edulis shell calcite as a proxy for the dissolved and/or 54 particulate Mn concentrations, and thus the biogeochemical processes that control 55 them, remains elusive. 56
Introduction 58 59
Manganese aquatic geochemistry is dominated by the change between two oxidation 60 states, the soluble Mn 2+ ion and the insoluble Mn 4+ ion (e.g. Burton and Statham, 61 1988), which undergo transformations between the dissolved and particulate phases 62 mainly in response to changes in redox and pH conditions (e.g. Glasby and Schulz, 63 1999 and references therein). Dissolved Mn 2+ can be removed from solution by 64 abiogenic oxidation (e.g. Bruland, 1983 suspended at 1 metre depth below a moored raft in the Menai Strait, North Wales, 142 U.K. (Fig. 1) . The animals were all less than 1-year-old when deployed, obtained 143 from one spat cohort and initially ranged from 2.0 to 2.7 cm in shell length. All 144 individuals used throughout the experiment were selected from a stock of animals, 145 deployed at the beginning of the experiment and kept in a separate cage below the 146 moored raft. Two different, but parallel, experimental approaches were undertaken: 1) 147 "annual"-deployment specimens. Individuals were deployed at the start of the 148 experiment and remained in their own cage for the entire experimental duration (one 149 year). 2) "short"-deployment specimens. The following specimens were removed from the raft at the end of each experimental 165 growth interval and taken to the laboratory for ca. 6 to 8 hours: all short-deployment 166 M. edulis specimens, a new set of short-deployment specimens for the next growth 167 interval and all annual specimens. All shells were handled, photographed and digitally 168 imaged in a similar way (Freitas et al., 2008) . To identify and measure all new shell 169 growth for each interval in both short-and annual deployment specimens a 170 combination of shell photographs, shallow hand drilled marks made on the outer shell 171 surface (located away from the margin to avoid disturbing shell growth), and 172 disturbance marks caused by handling were used. In this manner, a well-constrained 
Environmental variables: Seawater Temperature, Salinity, Chlorophyll-a, pH and 209

Nutrient Concentrations 210 211
The Menai Strait is a 25 km long shallow channel in the Irish Sea that separates the 212 island of Anglesey from mainland northern Wales, varying in width from a couple of 213 hundred meters to over 5 km. The Menai Strait comprises mainly shallow intertidal 214 mudflats and sand banks, but also includes several rock outcrops, and the water 215 column is completely mixed due to strong turbulent tidal mixing (Harvey, 1968) . 216
Several small streams discharge in to the Menai Strait, but the residual water flow 217 from the north-eastern end is dominated by contributions from the Irish Sea, the 218 Conway River and Liverpool Bay (Harvey, 1968; Morris, 1974) . 
Shell Preparation and Milling 305 306
The left hand valves of M. edulis shells obtained from the short-and annual-307 deployments were cleaned with a brush and the outer organic periostracum was milled 308 away with a hand-held dental drill until periostracum-free shell was visible across the 309 entire sampling area. Calcite shell powder samples then were taken from the shell 310 growth corresponding to each experimental growth interval (see section 2.2.) by 311 milling the outer prismatic layer to a depth of ca. 200 µm using a 0.4 mm wide steel 312 carbide burr (Minerva Dental Ltd). Accurate milling was completed under a binocular 313 microscope fitted with an eyepiece graticule, and depth and width of milling were 314 controlled carefully. Each milled powder sample, ranging in weight from 0.15 to 3.5 315 mg, was taken from the main axis of shell growth to avoid the increase in shell 316 curvature that occurs away from the main growth axis. Two of the short-deployment 317 specimens (out of the five deployed) were sampled for each experimental growth 318 interval, while three annual-deployment specimens were sequentially sampled for all 319 experimental growth intervals. Sampling resolution was variable depending on the 320 amount of shell growth during each time interval. In both short-and annual-321 deployment specimens, whenever the amount of shell growth permitted, a single 322 growth interval was divided into equal sequential sub-intervals (2 ≤ N ≤ 4), with each 323 sub-interval providing one sample (sampling resolution is shown in Fig. 3, section  324 3.3.). Growth was assumed to be continuous and constant during each experimental 325 growth interval and thus each sub-interval was assumed to represent the same amount 326 of time. Seawater temperature (Fig. 2a) followed a seasonal change typical of temperate 374 coastal waters, i.e. a winter temperature minimum of ca. 5.0°C at the end of February 375 and a summer temperature maximum of ca. 19.0°C in early-mid July. Salinity in the 376
Menai Strait was lower during winter and early spring, with higher values during late 377 spring and summer, ranging between a minimum of 31.1 to a maximum of 33.6 378 during the experimental period (Fig. 2b) . Chlorophyll-a concentration increased from 379 pre-spring bloom values below 1.5 µg l -1 at the end of April 2005 to a broad 380 maximum during May 2005 (19.5 µg l -1 ) that extended over a 5 week period (Fig. 2c) . 381
Chlorophyll-a then slowly decreased, but remained above pre-bloom values until the 382 end of July, after which concentrations were similar to pre-bloom values throughout 383 the rest of the year. Variation of pH was similar to chlorophyll-a, exhibiting maxima 384 from the end of April through to the beginning of June (Fig. 2d) . Following a gradual 385 increase from December until April, nutrient concentrations decreased rapidly from 386 mid-April (Fig. 2e) . The nitrate (NO 3 -+ NO 2 -) and silicate concentrations remained 387 low until September, after which they increased until the end of the year, whereas 388 dissolved inorganic phosphorus concentration increased from June onwards. 389 during January-March and October-November, respectively (Fig. 3a) (Fig. 3a) . Mn Diss (Fig. 3c) . The second Mn/Ca maximum is followed by a sharp decrease at the end of 423 June and two smaller maxima during July (<0.12 mmol/mol). Shell Mn/Ca ratios 424 were significantly correlated, albeit weakly, to SGR and dissolved Mn 2+ concentration 425 in both short-and annual-deployment specimens (Table 2) . 426 427 (Fig. 4b) . Weight specific respiration rate 471 (WSRR), which compensates for changes in body size, showed two stable periods, the 472 first with higher values between December to March and the second with lower 473 values from August until December (Fig. 4b) . In between these stable periods, WSSR 474 (Fig. 2b) , a conclusion also drawn by Morris (1974) . 499 500 During spring and summer, Mn Part and Mn Diss (Fig. 3a) were marked by: 1) a 501 reduction in Mn Part , likely via a decrease in the SPM load (Morris, 1974) and from the 502 reduction of Mn-oxides in SPM (Morris, 1971) ; 2) a broad increase in Mn Diss . The 503 variation in Mn Diss is similar to that described by Morris (1974) who concluded that it 504 was the result of increased benthic fluxes of Mn 2+ . 505
506
In this study, Mn Diss increased markedly during the spring bloom (Fig. 3a) , as defined 507 by the increase in chlorophyll-a and a decrease in nutrient concentrations (Fig. 2c, d , 508 e). Peak Mn Diss values occurred after the period of highest primary production ( (Figs. 2e and 3a) , which is 517 indicative of high organic matter remineralisation in the water column or in the sub-518 oxic/anoxic conditions in the sediments, both of which strongly favour the release of 519 Mn 2+ (Kowalski et al., 2012) . Therefore, the main factor determining the broad Mn Diss 520 maximum (Fig. 3a) likely was the production and release of Mn 2+ associated with 521 raised heterotrophic activity and organic matter remineralisation in the water column 522 and sediments during the warmer spring-summer months (Kowalski et al., 2012) . 523
524
The short-lived concurrent increases and decreases in Mn Part and Mn Diss (Fig. 3a) , 525 respectively, during the spring bloom from April to July are most likely the result of 526
Other factors controlling both reduction and adsorption of Mn Part (Fig. 3c) were generally of the 535 same order of magnitude as those reported for marine bivalve calcite and differed 536 from those previously observed only in a few instances. Shell Mn/Ca ratios were three 537 to four times lower than in laboratory cultured M. edulis (Freitas et (Fig. 3) , and was 551 not significantly related to Mn Part and only weakly related to Mn Diss (Table 2) for high-quality, organic-rich and Mn enriched particles, which has been shown to 558 lead to enhanced Mn uptake in mussels (Widmeyer et al., 2004) . 559
560
In contrast, shell Mn/Ca and seawater Mn Diss peaks showed a good temporal overlap 561 during the second Mn/Ca maximum (Fig. 3) and thus suggest that shell Mn/Ca may 562 have increased in response to the increase in Mn Diss concentration. However, shell 563
Mn/Ca increased fairly abruptly and lagged the increase in Mn Diss by about two to 564 three weeks, whereas the later decrease of Mn/Ca and Mn Diss occurred concurrently 565 (Fig. 3) . 566 567 D Mn in M. edulis (Fig. 3b) was similar to the range observed in experimentally 568 precipitated inorganic calcite (Droomgoole and Walter, 1990). However, while the 569 latter was shown to have a positive dependence on temperature (Droomgoole and  570 Walter, 1990), D Mn in M. edulis was inversely related both to salinity and temperature 571 (Fig. 3 and Table 2 ) and thus suggest different controls on the partitioning between 572 bivalve calcite and Mn Diss compared to abiogenic calcites. Partition coefficients do not 573 take into account the activity coefficients of ions in solution, nor that in bivalves the 574 shell carbonate is formed from a solution (i.e. the extra-pallial fluid or EFP) isolated 575 from seawater. 576
577
In bivalves, transportation of dissolved Mn 2+ from seawater to the shell is expected to 578 be fast. Marking experiments using concentrations two to four orders of magnitude 579 higher than in natural waters showed that uptake of dissolved Mn took only a few 580 days in freshwater mussels (Jeffree et al., 1995) few days at most in P. maximus (Barats et al., 2009 ). In this study there was a two to 583 three weeks lag between the increase of seawater Mn Diss and shell Mn/Ca (Fig. 3) , 584 which could be explained by a Mn Diss concentration threshold, below which shell 585
Mn/Ca ratios do not respond to changes in Mn Diss concentrations. If early June is 586 taken as the start of the shell Mn/Ca peak and early July as its end, a threshold 587 concentration ca. 0.30 µmol l -1 can be deduced for M. edulis in this study (Fig. 3) . physiological condition, shell growth rate and metabolic activity (Fig. 4a, b, c) . 599
The seasonal variation of shell growth rates (SGR) in M. edulis (Fig. 4c) was 600 strikingly similar (0.51 < r < 0.68, p < 0.001; Table 2) to the seasonal variation of 601 shell Mn/Ca (Fig. 4d) . Significant relationships between SGR and Mn/Ca in bivalve 602 calcite have not been observed in studies that investigated other species at this study 603 site (Freitas et al., 2006) or the same species at other locations (Barats et al., 2008) . In 604 bivalves, a significant relationship between growth rate and Mn/Ca ratios has been 605 only reported in two marine aragonitic species from South America, Mesodesma 606 donacium and Chione subrugosa (Carré et al., 2006) . Synthetic inorganic calcite 607 precipitation experiments have clearly shown an inverse relationship between 608 precipitation rate and the Mn partition coefficient (Dromgoole and Walter, 1990 ; 609 Lorens, 1981; Mucci, 1988; Pingitore et al., 1988) . Therefore, the similarity between 610 the seasonal variation of SGR and shell Mn/Ca in M. edulis does not appear to be 611 indicative of a kinetic calcite precipitation rate control, but must reflect other 612 processes, likely physiological in origin. 613
614
In bivalves, shell carbonate is not precipitated from ambient water, but from the extra-615 pallial fluid (EPF) (Wilbur and Saleuddin, 1983) , located between the mantle and the 616 inner shell surface. The EPF is an isolated solution with a different chemical 617 composition to that of the external medium, with both the external medium and 618 animal tissues supplying elements to the EPF (Crenshaw, 1972; Pietrzak et al., 1976 ; 619 Wada and Fujinuki, 1976; Wilbur and Saleuddin, 1983) . In bivalves, and in M. edulis, 620 divalent metals can be stored in a variety of reservoirs, e,g, bound to proteins present 621 in soft tissue, haemolymph and also in the EPF or in polymetalic granules within the 622 kidney, digestive gland, mantle or gills (Carmichael et (Fig. 4b, c, d were low at that time (Fig. 3) . The distinct shell Mn/Ca minimum could not result 676 from a lack of Mn in the environment, which was readily available either as Mn Part or 677
Mn Diss (Fig. 3) . Therefore, it can be hypothesized that shell Mn/Ca ratios in M. edulis 678 were modulated by changes in SGR, itself driven by changes in metabolic activity and 679 energy uptake and allocation, which in turn determined the Mn content of the EPF 680 and thus its availability for incorporation into shell carbonate. 681
682
The physiological control of bivalve shell Mn/Ca proposed here for M. edulis exposes 683 shell Mn/Ca to the influence of the endogenous and environmental factors that 684 determine growth and metabolic activity, e.g. size, age, and physiological condition, 685 activity level, food availability and temperature (e.g. Bayne and Newell, 1983 ; 686 Gosling, 2003) . Therefore, the degree of physiological control of bivalve shell Mn/Ca 687 can be expected to vary in different species, but also within the same species, e.g. 688 different age and/or environmental conditions during growth. In particular, the degree 689 of physiological control of shell Mn/Ca will depend on the proportion of Mn in the 690 EPF that derives from the external medium or internal reservoirs in each species. That 691 proportion will be determined by the degree of isolation of the EPF, which in bivalves 692 is species-specific (Harper, 1997) . Nevertheless, the proposed physiological control of 693 shell Mn/Ca can explain, at least partially, the lack of a consistent relationship 694 between shell Mn/Ca in marine bivalve calcite and seawater particulate and dissolved 695 
